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ABSTRACT  (U) 

This report describes satellite transmission experiments carried out in 

Prairie Smoke lb and II to investigate the horizontal extent, altitude dis- 

tribution, intensity and frequency dependence of field-aligned artificial 

spread F (ASH) irregularities. Using these data, a quantitative morphological 

model is described in which :he irregularities are contained within a tilted 

cylinder, with axis parallel to the magnetic field direction, and a radius of 

50 km, centered 30 km north of the heater at an altitude of 300 km. The 

fractional fluctuation of electron density was found to be about 0.7 percent 

at full power, and the correlation distance normal to the field was about 

100 m.  The irregularities were found to extend through the entire F region 

between 200 and 400 km altitude. The depth was found to vary inversely 

with frequency, in accordance with theory. Alto presented in this report 

is a model for the small-scale structure, including an analytic technique to 

determine the thickness of the disturbed region from the change in echo 

return range with elevation of a monostatic radar; semi-thicknesses of about 

25 km are found. 
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1.     INTRODUCTION   (U) 

(S)     Initial experiments  on satellite signals  transmitted through a dis- 

turbed  ionospheric region over the heater at  Platteville.  Colorado,  were 

described in a previous  report   fBowhi   1  and Mendenhall.   1972).     The present 

report  describes the continued program of measurements and  interpretation, 

primarily  in Prairie Smoke   lb   (February 1972)   and  II   (May  1972).    These 

results  are presented and discussed in Sections  2 through 6. 

(S)     During the summer of 1972.   a scattering model  for the  artificial  spread 

F   (ASF)   irregularities was developed,   and is presented in Sections  7 and  11. 

in addition,  a simple model  for on-frequency scatter  (OFS)  has been developed 

and  is presented and evaluated in Sections  8 through 10. 

(S)     in preparation  for possible applications  studies,  some  considerations  for 

bistatic OFS modeling are given in Section 12. 
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2.  OBJECTIVES OF PRAIRIE SMOKE lb AND II (LI) 

(S) Two type? of satellite transmission experiments have been carried out 

by Aeronomy Corporation in connection with the Prairie Smoke activities; a 

geostationary satellite and an orbital satellite experiment. The two experi- 

ments provide a means for determining a morphological mod^l (and hence, a 

radar scattering model) and for ultimately determining a yield model of arti- 

ficial spread-F (ASF) irregularities and on-frequency scatter (OFS) produced 

by the ionospheric heating. 

(S) A detailed list of objectives for the satellite experiments was pre- 

sented by Bowhill and Mendenhall (1972). Table 2.1 illustrates the appli- 

cability of the results of experiments conducted durinp Prairie Smoke lb and 

II for satisfying these objectives.  Sections 2.1 and 2.2 describe the specific 

objectives of Prairie Smoke lb and II experiments. 

2.1 Objectives of Prairie Smoke lb (U) 

(S)  Due to the relatively short time available to mount a field experiment 

for Prairie Smoke I, attention was concentrated on implementing a mobile geo- 

stationary satellite receiving station. An orbital experiment was conducted 

on December 6, 1971 when a single pass was recorded from a fixed site in Pine 

Bluffs, Wyoming. Prairie Smoke lb, which was scheduled for February 14-17, 

1972, however, offered the first opportunity to deploy a mobile facility for 

recording appropriate orbital passes.  Because of the remoteness of the site 

location for the geostationary experiment and the potentially inclement 

weather, attention was concentrated on the orbital experiment. 

(S) The purposes for going into the field at this time were to test hard- 
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Table 2.1 

Potential   (?)  or demonstrated   (D)   applicability of the sa- 
tellite transmission experiment to the various objectives 
using amplitude measurements  from 1-3 antennas,  or an in- ig amp 
teroferometric pair  (I) 

Objective Geostationary Orbital 

1.  Field alignment 

Size and orientation 

3. Altitude distribution 

4. Horizontal extent 

5.  Onset and decay 

6.  Drift velocity 

7.  Fading with frequency 

8. Angle flutter with frequency 

9. Multipath effects  

10. Off-frequency scatter 

11. Modu1ation degradation 

12. Heater parameters 

13. Off-vertical heating 

14, New antenna concepts P 
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ware planned for future orbital experiments, to demonstrate the usefulness 

of orbital measurements in satisfying the objectives listed in Table 2.1, 

and to determine the consistency of orbital measurements with the geostation- 

ary data taken in Prairie Smoke 1 (and therefore determine if changes should 

be made in the configuration used for future geostationary experiments). 

2.2 Objectives of Prairie Smoke II (U) 

(S)  Prairie Smoke II represented the first opportunity to mount both experi- 

ments (geostationary and orbital) simultaneously. The objectives of the 

Prrlrie Smoke II test series were primarily to obtain sufficient quality and 

quantity of measurements for confirming Prairie Smoke I and lb results, to 

provide additional information concerning the horizontal extent and altitude 

distribution of the ASF irregularities, and to demonstrate the fading depen- 

dence on frequency by taking data at 400 MHz during the orbital experiment. 

The major improvement in data quality planned for Prairie Smoke II includes 

the capability of real-time digital data-logging for the geostationary experi 

ment and the capability of A/D conversion of the orbital data, as well as 

data collected during Prairie Smoke I and lb. 

SECRET 
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3.     EXPERIMENTAL CONFIGURATIONS   (U) 

(S)    During Pralri. S«ke .b on He.ruary  U-H.  ..72, observation, «ere «a. 

of tha solntilUtlons of signal radiated fro» US Navy navieatio„a.  satel- 

llte5  tra„Smltted at abou,   150 MHz and »ov.ng in a neariy polar orbit,     Mnce 

the period, of „bser.nt.on of these satellites -a.  lifted by observatlona. 

considerations,   it was not po.s.bie to use a s.ngle  rece.v.n, s.te for all 

f„ur days,     it »as then assumed that the greatest   intensity of fluctuations 

„ould be   found »ben the satellite IDS passes through a point   at  300-K,. nlu- 

tude directly over Platteville.    For the passes nearest to overhead, the 

satc.llte  LOS was traced through the 500-k» point to the surface of the earth. 

Duri„g the satellite pass,  the tntersect.on with the earth sweeps  in a general 

N_,S direction.    The points for each day at which  it xntersects   Interstate 

„cute 80 were determined,   and established as the observation point  for eacn 

day      A tap Showing these site  locations with respect to the transmitter near 

„atteville is provided in figure 3.1,     Subsequent analysis of the satellite 

passes  for each  location   (Table  3.1)  showed that the  LOS passes over Platte- 

vi„. at  alUtudes of 28-,   to 316 Km,  in good agreement with the predictions, 

The availability of spaced antenna data for each pass is provided in Table 3,2 

CS,    Since the highly mobile receiving station for the orbital experiment 

Csubseouently used  for Prairie Smoge 11) was not yet available at the time-o. 

P.airie Smoge lb, a station was equipped by racg-mounting the receivers and 

chart recorder used in the geostationary experiment of Prairie Smoke I in a 

utility van.    Additional equipment included a Sony Type 366-4 4-channel tape 

decg for recording the product detector BPO output of the receivers.    Oual 

circularly-polari^d turnstile ante„^attery-operated Vanguard dual- 
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gate MOSFET RF converters were used for receiving the signal? from the or- 

biting satellites.  Data was subsequently analyzed by playing the signals 

back through a Hewlett-Packard 310A wave analyzer, acting as a tracking fil- 

ter with a 200-Hz bandwidth, and recorded on a thermal-writing recorder. 

(S)  During Prairie Smoke II on April 24 - May 12, 1972, both a geostationary 

and orbital experiment were conducted. The geostationary mobile station was 

deployed near Lance Creek, Wyo., the more southerly site location used during 

Prairie Smoke 1.  Since this facility required at least one full day for 

changing site locations, a single site was used for each day even though the 

height of reflection of the heater changed during the experiment. 

(Sj  The same equipment was used for the geostationary experiment as was used 

during Prairie Smoke I.  Additionally, the product detector BFO output of the 

receivers, including one monitoring WWV, was continuously recorded with a 4- 

channel tape deck.  Simultaneously, the receiver detector output was recorded 

on a Metrodata model 616 digital data-logging system sampling at 2- /2 samples 

per second on each of three channels.  Use of a Metrodata 622 S digital tape 

reader interfaced with a PDP-Se digital computer offers the potential of com- 

pact storage and prompt analysis of large quantities of data.  Development of 

the software to implement this digital data-recovery system is nearly com- 

plete.  Real-time records were also obtained by recording the detector output 

on a dual-channel chart recorder. The availability jf the geostationary re- 

cords is given in Table 3.3. 

(S) The mobile orbital satellite receiving station for Prairie Smoke II con- 

sisted of a 23-ft Winnebago vehicle shell with a 5-kW gasoline generator as 

a power supply, providing a mobile facility capable of traveling between 

widely separated site locations. The data was recorded on magnetic tape in 

the manner described for Prairie Smoke Ib. An A/D converter with an 8-channel 

SECRET 
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Table  3.3 

Availability of geostationary data during Prairie Smoke   11   (Uj 

GEOSTATIONARY   DATA  AVAILABLE 

DATE (1972) TIMES OF RECORD  (N,ST) E-W SPACING (m) * 

24 APRIL 1247-1705 90 

25 APRIL 0559-1200 90 

04 MAY 0859-1945, 
2015-2206 

90 

U5 MAY 1055-1701 90 

08 MAY 0800-1143** 90 

09 MAY 0554-1118, 

1130-1501 

90 

10 MAY 1620-2202 90 

II  MAY 1552-2200 122 

12 MAY II02-I5II 122 

* N-S  SPACING ALWAYS 305 m 

♦^TRANSMITTER  OFF 
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multiplexer is presently available for use with the PDP-8e computer to per- 

form more rapid data reduction from the tape recordings using Fourier and 

correlation techniques than is possible by visual reduction of chart recordings 

(S) Site locations for the orbital experiment were chosen so that the LOS 

nassed near the 30ü-km point over the transmitter within the constraints of 

time to change site locations, transmitter schedules for the Platteville 

facility, and difficulty in crossing the continental divide in the months of 

April and May.  It was also desired to record as many passes as possible (over 

the more oblique passes), in order to place limits on the size of the volume 

comprising the modified region by detecting the reduced effect at the edge 

of the region.  The site locations for the passes recorded during Prairie 

Smoke II are given in Table 3.4. The distance of closest approach cf the 

LOS of these passes from the 300-km point over Platteville is presented in 

Table 3.5.  A map showing the location of these sites with respect to the 

transmitter near Platteville is provided in Figure 3.2.  The availability of 

spaced-antenna data for the orbital passes is presented in Table 3.b. 
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Table  3.4 

Site   locations   Jor orbital  experiment   during Prairie  Smoke   II   (1)1 

DATE (1972) TIME(MST) SITE LOCATION  AND COORDINATES 

24 APRIL 1336 

24 APRIL 1409 

25  AMIL 0656 

04 MAY 0930 

04 MAY 1606 

05 MAY 1336 

08 MAY 1300 

09 MAY 0832* 

09 MAY 0900 

10   MAY 2032 

10   MAY 2110 

II    MAY 2021 

12   MAY 1257 

12   MAY 1454* 

ESTES PARK, COLO.   (40.38oN. I05.520W) 

BRUSH, COLO.   (40.19° N, I03.380W) 

WIGGENS, COLO.  (40.09°^  I04.070W} 

HILLSDALE, WYO.   ( 4I.I70N , 104.47° W ) 

KIMBALL, NEB.  (4I.230N, 103.72° W ) 

ESTES PARK, COLO.  (40.38CN, I06.520W) 

*TRANS^   TTER OFF 
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Table 3.6 

Availability of orbital data during Prairie Smoke II (UJ 

OBSERVATION NUMBER OF AN TENNA3 
DATE (1972) LOCATION 

ESTES PARK, COLO. 

150 MHz 400 MHz 

24 APRIL 4 1 
25 APRIL 4 1 

04 MAY BRUSH, COLO. 4 1 

05 MAY WIGGENS, COLO. 4 1 
08 MAY* 3 0 

09 MAY HILLSDALE, WYO. 3 ! 

10 MAY KIMBALL.NEB. 2 2 

II   MAY ESTES PARK. COLO. 3 2 
12 MAY 3 2 

♦TRANSMITTER OFF 
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4.  RESULTS OF PRAIRIE SMOKE lb (UJ 

[SJ The satellite; of the US Navy Satellite Navigation System are all in 

approximately circular polar orbits at heights of about. 1025 km above the 

earth's surface,  Since their times of passage are distributed (though S( 

what irregularly) throughout the day, they are particularly suitable for 

transmission studies of specific regions of the ionosphere such as that over 

Plattevillc.  Unfortunately, only one or two a day pass sufficiently nearly 

overhead Platteville to permit their use as a consistent diagnostic for a 

given site location, and these may not be at suitable times on a given day. 

However, between February 14-17, 1972 the four passes described in Tables 5.1 

and 3.2 were recorded. 

(S)  Figures 4.1 and 4.2 show spaced receiver signals recorded during a por- 

tion of two of these passes.  Subsequent to Prairie Snoke lb it has become 

possible to play the tape recordings back through the wave analyser and an 

A/D converter interfaced with a PDP-8e computer as described in Section 2 to 

provide values of the scintillation index over 4-secorid intervals.  The ex- 

pression for the scintillation index (S) is given by 

where A is the received signal amplitude for the n  sample and N is the 

total numbe1" of samples taken over the given time interval. The results of 

that analysis is presented for the Kimball and Buford pa'ses in Figures 4.3 

and 4.4.  These two passes are analyzed in detail here since they represent 

SECRET 
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KIMBALL, NEB.     15 FEB. 72 

SOUTH 

NORTH 
2149:45 

TIME (UT) 
2149:50 

2149:55 
TIME(UT) 

RETUNt 

2150:00 

Figure 4.1 

Chart records showing sample of orbital data (U) 
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BUFORD.WYO.    16 FEB. 72 

i sec. 
i 1 

^'n/WV'V^Vv^^ 

NORTH 

hl^H 

A// 
1 

0201.00 
TIME(UT) 

Figure  4.2 

Chart  records  showing sample of orbital  dati     U) 
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BUFORD.WYO. 

4 sec INTERVALS 

1900:30 1901:00 
TIME(MST)       16 FEB 72 

Figure 4.4 

Fading intensity for an orbital pass  (U) 

1901:30 
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the two passes when the deepest fading was observed and the LOS was nearest 

to being parallel to the magnetic field.  The scintillation indices for each 

of the four passes when the deepest fading was observed are presented in 

Table 4.1 with an estimate of the angle between the LOS and magnetic field. 

The chart recordings at these times are shown in Figure 4.5.  The transmitter 

mode during each pass is provided in Table 4.2.  It is planned to perform a 

complete correlation analysis on these data to provide size, orientation, and 

height distribution of the ASF irregularities.  However, for the antenna spa- 

cings used (76 m at Buford and 122 m at Kimball) along a N-S baseline the 

time shift for maximum cross correlation can be measured by comparing chart 

recordings run at faster speeds than those presented in the following figures. 

This procedure was used for determining the height of the irregularities, 

whiJi for a plane earth is given by 

V t 
z. = R sin (e)/Cl - -~—) 

where 

R = Range to satellite from observer 

E = Elevation of satellite from observer 

Vs = Satellite velocity parallel to baseline 

t = Time shift on N-S baseline 

d = N-S antenna spacing 

zi = Height of irregularities above tangent plane. 

zi is converted to heights above the earth's surface by 

(4.2J 

h = (zr + z.)/ cos Y  - z (4.3) 
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SINCLAIR, WYO 
14 FEB. 72 

KIMBALL, NEB. 
15 FEB. 72 

2037:00 

BUFORD, WYO 
16 FEB. 72 

2149:55 2150 00 

RED DESERT, WYO. 
17 FEB. 72 

0201:00 

^^^^^^ 

L Istc i 1 

0045:50 

TIME(UT) 

Figure 4.5 

Smoke ITmT Sl'°"ln8 maXimU^, fadin* ob"".-' during Prairie 
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who re 

h = the geocentric height, 

z    = the radius of the earth 
r 

Y = the angle at the earth's center subtended by the satellite and the 
c 

point of observation and where it has been assumed that the earth 

is spherical. 

(S)  When the records for the Kimball and Bifford passes were examined and the 

tine shifts for individual fades measured, it was found that the heights cal- 

culated were distributed through a height range of approximately 100 km. 

For both passes a height of 225 km was most frequently measured with heights 

extending up to the F layer and down to somewhat less than 200 km.  These 

height distributions are shown in figures 4.6 and 4.7 

(S)  For the Kimball pass the heights observed were subdivided into those 

observed in two-second intervals,  figure 4.8 shows these height ranges on 

the LOS from the observation site.  The mean heights observed for each of 

these intervals are located nearly directly over the transmitter for the deepest 

fading observed, that part of the pass shown in Figure 4.5. 

(S) The average spatial quasi-period, a, has been calculated using 

a = (1 - z./R sin c)V T 
X 3 

(4.4) 

where z.,  R, e. and V have been previously defined and t is the fade period 
1 5 

at the observation site. Figure 4.9 shows the frequency distribution of the 

quasi-periods measured at Kimball. For a Gaussian auto-correlation function 

(p) of the form 

p(x) = e-x2/d2 C-5' 
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FREQUENCY OF TIME SHIFTS OBSERVED 

BUFORD, 1900:40-1901:30 MST 

TIME SHIFTS TO NEAREST .OOSsec 

NUMBER OF OCCURENCES TIME SHIFT       EFFECTIVE 

2 4 6 8 10 12 (10 2sec) HEIGHT (km) 
I i i i i 

3.0 

3.5 

280 

249 

1 

4.0 

4.5 

5.0 

5.5 

>5.5 

224 

204 

187 

173 

<I73 

J L 

Figure 4.7 

Frequency distribution of h for an orbital pass  (U) 
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the  structure  size   (d)   is  given by 

d =  a/2.56 (l.(') 

The data nnalysis presently planned will determine the validity of (5) in 

describing the observed fading. 

(S)  It is interesting to compare the orbital quasi-periods of Figurj 4.9 with 

the corresponding structure sizes found in Prairie Smoke ] In the geostation- 

ary technique (Bowhili and Mendenhall, 1972, pp. 32-33).  The latter experiment 

showed spatial quasi-periods between 200 and 600 m, with an average of about 

300 m, in good agreement with the orbital data of Figure 4.9. 

(S) At Buford three antennas spaced in a right triangle were recorded (N-S 

spacing of 250 ft and N, W-E spacing of 255 ft).  Since the time correlation 

observed at the three antennas was almost perfect, the pattern on the ground 

appears to be highly elongated.  The locus of points of maximum cross cor- 

relation form a straight line known as the line of maxima, and the orientation 

of the line of maxima is entirely dependent on the satellite look angles as 

demonstrated earlier by Bowhili and Mendenhall (1972). 

(S) The geometry for the Buford site location and a pass which is cast of 

overhead is given by the following relations: 

9 = IJJ + arctan (sin 6/(tan 1 cot e - cos 6))        (4.7) 

where 

ii = (180 - ß) where 0 is the satellite azimuth from the observation site 

6 = (D + 1)0 where D is the magnetic dip in the region of the irregularities 

G = Dip of the magnetic field in the region of the irregularities 
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£ = Elevation of the satellite from the observation site. 

lor the antenna configuration used at Buford the observed orientation is given 

by the following relations: 

0 = arctan (d t/dt ) [4.8} 

where 

d  = N, W-li spacing 

Time shift for maximum cross correlation between the N, W and I an- 

t e nn as 

d = N, W-S spacing 

t = Time shift for maximum cross correlation between the N, W and S an- 

tennas . 

A few samples of data were analyzed by measuring the time shifts for maximum 

cross correlation from chart recordings.  The results are shown in Table 4.3, 

where the magnetic dip was taken to be 14 deg for the calculated values based 

on the geometry of the satellite pass. 

(S)  The agreement between the measured orientation in Table 4.3 and the 

orientation calculated on the basis of field-alignment of the irregularities 

confirms that the assumption of field-alignment is well justified. 

SECRET 
31 

-^..—^T——»^»«.    |     ll||||||||MI|MH||MMm| 



SECRET 

fa 

0 

•(-> 
•H 
XI 
u 
o 

c 
.H 

3 
T3 

T3 

> 
(1> 

n 

o 

c 

o 

o 

c 
■H u 
o 

I 
I- 

o 

o 
t- 

Lü 

$ 

CO 
LU 
LÜ 
er. 
o 
LJ 
Q 

o 
0) 
</) 
E 

< 
_i 
Lü 
O 

Lü 

LÜ 
h- 
< 
CO 

o 
-J 
< 

CO 
< 
Lü 
2 

I 

cn 

N 
< 

Lü 
_l 
Lü 

ÜJ   ÜJ 

o O — OT O ^t 
CD CD <T> in r- <D 
^f ^t ^■ m tf) 

CD o — 0) evi O 
ro 
m in 

00 
in 

O o in o <n O 
o O 

ro 
CVJ 
CVJ 

o 
C\J 

r- m 

o in O o o in 
in O o 

ro 
m 
to ro 

(D CD ro 00 o O 
CD 
CD 

CD 
CD 

in 
CD 

m 
CD CD 

00 00 00 in 00 
CD 
in 

CD 
m 

00 
in in 

O 
CD CD 

00 CO m o 
in 
o o 00 

8 a» 
O o 5 5 5 5 
& 22 & g> o> 

SECRET 
32 

'—'-"■■I UJMWI   ^'.■I.IH||l||||ll|l.|MM|, 
"■'"■'■"-^ 



SECRET 

S.  RESULTS OF PRAIRIIi SMOKE II (llj 

(S)  m Prairie Smoke II for the first time, orbital and geostationary data 

were available simultaneously. 

5.1  Results of the Geostatiopary !ixperiment (U) 

(S)  Based on the geostationary data listed in Table 3.3, the scintillation 

index S has been calculated using the formula (1) of Section 3.3.  It was 

found to vary greatly during the experiment.  To facilitate comparison with 

other data, it has been calculated for a 2-minute interval fifteen minutes 

after each hour when the transmitter was operating. These results are given 

in Table 5.1.  Comparison of these data with parameters such as the data from 

the phased array, the spread observed on the ionosonde, the heater reflection 

height and the heater frequency relative to the critical, will give insight 

into a yield model of the disturbed region. 

(S) An example of the deep fading frequently observed is shown in Figure 5.1. 

In this case, the autocorrelation function was found to have an e-folding 

time of about 11 seconds (Figure 5.2].  Its shape generally supports the 

Gaussian form assumed for the autocorrelation function in liquation 4.6. 

(SJ  A survey of the real-time chart recordings indicates that the fading was 

generally deeper after 1800 MST. Typical values of S during the morning and 

afternoon hours were 1-5%, while deep fading (S^5-25''6j was frequently observed 

during the evening hours. The results of the orbital experiments have not 

shown the same dependence on time of day, suggesting that at least part of the 

day/night variation is an effect of the change in height of the ionosphere 

from day to night. Apparently, the disturbed region was closer to the satel- 
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Table  5.1 

Scintillation Index 

Calculated From Geostationary Satellite Data (U) 

DATE 

19 72 

M  April 

!5  April 

4 May 

TIME (MST) SCINTILLATION 

INDEX (%) 

11:15 < 1.0 

12:15 < 1.0 

13:15 4.3 

14:15 2.7 

15:15 2.2 

16:15 < 1.0 

6:15 < 1.0 

7:15 ' 3.3 

8.15 4.S 

9:15 5.6 

10:15 < 1.0 

11:15 < 1.0 

9:15 3.3 

10:15 2.2 

11:15 3.6 

12:15 < 1.0 

13:15 1.7 

14:15 2.5 

15:15 < 1.0 

16:15 2.8 

17:15 4.8 

18:15 9.6 

19:15 5.7 

20:15 12.0 

21:15 10.0 
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Table 5.1  cont. 

DATE 

5  May 

May 

10 May 

11  May 

12 May 

TIME (MST) 
SCINTILLATION 

INDEX (?„} 

11:15 < 1.0 

12:15 3.4 
13:15 < 1.0 

14:15 3..3 

15:15 2.9 
16:15 7.5 

6:15 2.4 
7:15 1.2 
8:15 3.2 
9:15 2.5 

10:15 4.0 
11:15 2.6 

12:15 3.1 

13:15 3.9 
14:15 < 1.0 

17:15 < 1.0 

18:15 4.1 

19:15 4.4 
20:15 5.3 

21:15 25:5 

16:15 3.5 
17:15 2.9 
18:15 4.9 
19:15 < 1.0 

20:15 5.7 
21:15 13.7 

11:15 < 1.0 

12:15 < 1.0 

13:15 < 1.0 

14:15 < 1.0 
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LANCE CREEK , WYO.    4 MAY 72 
SCINTILLATION INDEX = 16.1 % 

L 
2020 2021 

J_ 
2022 

TIME(MST) 
2023 2024 

Figure 5.1 

A sample of the geostationary data  (U) 
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Figure 5.2 

Autocorrelation coefficient for a sample of the geostationary data. (U) 

SECRET 
37 

•rw^*IB "■■"*■" '■'W" » "^""""""WHBj—BlBBl - ——-- "j mmm 



SECRET 

lite LOS during the ni"ht hours. In fact, orbital data seemed to show little 

dependence of yield on time of day. The maximum value of S for a 4-second 

interval was found to be 12.9% at Pine Bluffs, Wyo. on Dec. 6, 1971 and 12.b% 

at Kimball, Neb. on Feb. 15, 1972. These were two afternoon passes. In Sec- 

tion 5.2 an evening pass on May 10, 1972 is described showing a similar value 

of 15.3%. 

(SJ The frequency distribution of the spatial quasi-period observed at the 

geostationary site is shown in Figure S.3 for a sample of the data collected 

on May 10, 1972.  It shows general agreement with the results of the orbital 

experiment and with the previous geostationary data from Prairie Smoke I. 

(SJ A survey of the real-time cnart records was made to determine onset and 

decay times and any dependence with transmitter power and fof2/f .  Hie scat- 

ter plots in Figure 5.4 show the results for the onset times. The decay times 

were observed to vary from a few minutes to in excess of a half-hour and were 

gererally longer at night. No very pronounced correlation is found with 

heater frequency or input power. 

(S) Examination of the geostationary records show that the drift velocity 

was typically 30-60 m/sec and moving toward either the east or west. On May 11, 

1972 at 2000 MST the direction of the structure motion was observed to grad- 

ually shift from being easterly to westward, as found in Prairie Smoke 1. 

(S) The geostationary data is being further analyzed to provide information 

concerning the axial ratio, orientation, and drift velocity based on the cross- 

correlation functions of spaced-antenna records. 

5.2 Results of the Orbital Experiment (U) 

(S) Only a limited amount of the orbital data has been fully analyzed at this 

time, but reported in this section are the results of a pass observed from 

Kimball, Neb. with spaced-antenna records were of good quality for both the 
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2020-2130 MST, 10 MAY 72 

RELATIVE FREQUENCY  (%) 
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Figure 5.3 

Spatial quasi-periods observed at the geostationary site.   (U) 
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Figure 5.4 

Onset times observed at the   "N,  tationary  site.   (U) 
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150 nnd 400 MHz signals. The index S has been calculated at 4-second inter- 

vals and is shown in Figure 5.5.  A portion of the spaced-antenna chart 

recording for the 400-MHz signal is shown in Figure 5.6. 

(S)  When the data of Figure 5.5 are used to form a scatter plot (Figure 5.7) 

it is evident that the ratio of the fading depth (while showing considerable 

variability) corresponds approximately to an inverse frequency dependence for 

the scintillation index. This result agrees with the diffraction theory of 

Briggs and Parkin (1963) for irregularities located in the far-field or Fraun- 

hofer region.  The conditions for this result are that the RMS phase deviation 

be less than unity and that 

Az/D2 > TTVT (5.1) 

where 

z is the effective distance from the scatterers, given by z.z,/(z + z-J 

z , z» are the distances from the irregularities to the observer and 

source, respectively 

A is the wavelength of the source signal 

D is the e-folding distance for the transverse correlation function of 

the irregularities. 

(S) The height distribution of the irregularities has been calculated in a 

manner similar to that described in Section 4 and is shown in Figure 5.8 for 

both frequencies. The most striking feature of this variation of height with 

time is the rapid increase at 2032:10 MST and the corresponding abrupt de- 

crease at 2052:55.  It is easy to explain this variation if one considers the 

geometry of the satellite pass. 
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KiMBALL.NEB.    10 MAY 72 
TIME CONSTANT = 5 ms9c 
FREQUENCY = 400 MHz 

2032:50 
TIME{MST) 

2033:00 

Figure 5.6 

Sample of spaced antenna records  for an orbital pass   (U) 
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INDEX oc | 

12 3 4 5 
SCINTILLATION INDEX AT 400 MHz  (%) 

Figure 5.7 

Scintillation ind^x observed at two freouencies    (U) 
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(S)  Imagine that the disturbed region is confined within a cylinder parallel 

to the lines of the e.irth's Magnetic field, with its projection on a 300-km- 

altitude plane a circle witn radius X.  Let the center of this circle be a 

distance x to the magnetic north of Platteville.  Then, for various assump- 

tions about X and xn, heights can be calculated for the entry and emergence 

of the satellite LOS from the cylinder containing the disturbed region.  Figure 

5.9 shows these curves for three cases of interest. The area contained by 

these curves represents the height range over which scintillations may be ex- 

pected, as a function of time during the satellite pass. 

(S) Of course, a particular height will only give scintillations as long as 

substantial ionization is present.,  Assume, therefore, that 200 km is the 

lower limit for the disturbed region.  It is evident that the model for 

x = 300 km, X = 50 km gives a height for the scintillation region that increases 

from 200 km at 2032:00 to 200-450 km at 2032:40; decreasing again to 200 at 

2033:10. This is exactly the height variation shown in Figure 5.8.  Further, 

since the depth of the scintillation increases as the thickness of the dis- 

turbed region increases, the scintillations should have started around 2052:00, 

passed through a maximum at 2032:40 and disappeared at 2033:10.  Comparison 

with Figure 5.5 confirms this model. The additional scintillation seen be- 

tween 2033:10 and 2033:30 must arise, according to Figure 5.8, from irregu- 

larities below 200 km altitude at the southern edge of the region. 

(S) The quite different behavior of the height shown in Figure 4.8 is easily 

explained in terms of the different geometry involved.  Figure 5.10 is a 

plot similar to Figure 5.9 for the satellite pass of Figure 4.8 and Figure 

4.3. Comparison with Figure 4.3 suggests that in this case x = -30 km, 

X = 50 km; and because of the different shape of the contour on Figure 5.10, 

the effective height increases continuously through the satellite pass. 
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(S)  The RMS phase fluctuation A for a wave propagated through a thickness 

Ah of a random medium has been given by Briggs and Parkin (1963) as 

2 2 1/2 

y~ =   ^,2  . 2 ,  n2   T/ r2 X2 AN2 Ah sec i       (5.2) E sm ^ + D cos ty e 

where D and 1 are the e-folding correlation distances perpendicular and par- 

allel t> i;,t magnetic field, respectively; ip is the angle between the wave 
2 

normal and the magnetic field; r is the classical electron radius; AN is 

the mean square electron-density fluctuation; and i is the angle between the 

wave normal and the vertical, 

(S)  Since li >> I) it may be rewritten in more familiar notation as 

-    5/2 fM 4 ~~T 
Y = —=— (-p—) (n—) Äh n sec 1  cosec ty (5.3) 

A 

where f is the plasma frequency and f the wave frequency. Since f varies 

with altitude, this may be rewritten in the following way: 

5//      4 
2   -   ,foF2,  ,ANN  „    .      , , ,,,,,, ,2 

Y  = 
A 
2— i^j—)     (.=p     D sec i cosec ^ / (N/NJ    dh      (5.4) 

on the assumption that the fractional RMS electron-density fluctuation is in- 

dependent of altitude. The integral is typically about 120 km. 

(S)  For the scale of irregularities corresponding to D = 150 m, far-field 

conditions prevail, and the RMS amplitude fluctuation e is therefore given by 

7/2 . (5.5) 
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Figure  5.5  illustrates  an orbital pass  and shows that  e goes   inversely  as 

frequency,   confirming the far-field condition.    The  following values of the 

parameters  apply to this pass: 

Y   =  0.075 

"   =  0.052 

f = 400 MHz 

foF2 =6.0 MHz 

i = 26.6 deg 

tp  = 13.1 e'eg 

D = 120 m 

/(N/N ) dh = 120 km 
m 

Solving equation (5.5) with these values, the RMS fractional fluctuation in 

electron density is found as 6.9 x 10 
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6.     DISCUSSION OF RESULTS OF  PRAIRIE SMOKE  lb  and  II   (U) 

(S)    The orbital  data from Prairie Smoke  lb and  II  generally  confirmed  the 

conclusions   from the  geostationary data of Prairie  Smoke   I  and the  orbital 

data of Prairie  Smoke   la.     Simultaneous  observations   at   150  and 400  MHz 

showed an  inverse  frequency variation of scintillation depth,   and confirmed 

the  Briggs-Parkin diffraction theory.     The structures  of AST were confirmed 

to be  field-aligned.     The  observations   indicated  a scattering model  with 

striations   contained in a field-aligned cylinder,   radius 50 km,  with  its   lower 

face at  2ü0-km altitude,   and centered approximately over the heater at   500-km 

altitude.     The electron-density fluctuation was  about 0.1  percent  RMS at  the 

center of the  region. 

(S)    Continuous  geostationary scintillations  showed marked fluctuations   in 

scintillation index which may be correlated with  changes  in height of the 

F2  layer. 

(S)     Based on these data,   a scattering model has been prepared for preliminary 

applications evaluation and is described in Sections  7 and  11. 
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7.  PURPOSii AND SCOPE OF MODEL (U) 

(S)  In order to evaluate the possible applications of irregularities produced 

by heating of the ionospheric F region, it is necessary to describe the ir- 

regularities by a simple scattering model.  In determining the scope of such a 

r. del, it is useful to consider two boundary conditions that circumscribe its 

degree of elaboration: 

(i)  it should not be simply a compilation of cross sections observed 

between pairs of transmitting and receiving stations in different 

locations at different frequencies, but should be a self-consistent 

description of the scattering medium itself; albeit in simplified 

terms. 

(ii)  It need not be devised to be in agreement with any particular aspect 

of plasma instability theory, unless that agreement has been fully 

verified empirically. 

(S)  Evidently, this approach will lead to an empirical description of the 

scattering irregularities which could be aptly described as an "engineering 

model" rather than a "physical model". Nevertheless, given the present un- 

certainties in the physical mechanisms involved, it seems to be the only ap- 

proach that can lead to a description of the disturbed region with a relatively 

small number of parameters. 

(S) The model should be capable of estimating numerically the following 

quantities: 

(a) The total power scattered in a given direction by the disturbed region 

when illuminated by a given frequency from a transmitting antenna 

with any prescribed polar diagram and pointing direction relative to 
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the center of the disturbed region. 

(h) The distribution in range of the scattered power (tor  multipath 

considerations). 

[c) The amplitude and phase fluctuation to be expected in a signal of 

specific frequency transmitted through the irregular region from the 

ground to space (or vice versa). 

(S)  Because of the variability of the phenomenon, it seems clear lhat some 

Jimitations must be imposed on this model these are described in the next 

section. 

7.1  Limitations of the Model (U) 

(S)  This first scattering model is limited to the following conditions; 

(i)  Heating from the Platteville transmitter, with full power, the 

antenna pointed directly overhead, 

(ii)  Ordinary-mode heating. 

(iii)  Heater frequency less than foF2. 

(iv) Daytime conditions typical of the larger cross sections and scintil- 

lations observed. 

(v) On-frequency scatter only (rather than plasma line). 

(S)  It is possible that optimum conditions may later be discovered giving 

much greater yields than are indicated by the present model.  Nevertheless, 

it gives a basis on which to build a later model. 

(S) The model is treated in three parts, each in a separate section:  the 

magnetic field; the on-frequemy scatter (OFS); and the artificial spread F 

(AST-) . 
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8.  MAGNETIC FIELD MODEL (U) 

(S)  Both 01 S and ASF have been established as critically dependent on the 

magnetic field direction.  Thome (1972)  has used a 99-term magnetic field model 

to predict the properties of the magnetic field over Platteville.  A simpler 

approach is suggested here which apparently gives adequate accuracy for most 

purposes. 

(Ü)  The magnetic dip 6  around a magnetic dipole is given by the equation 

tan 6 = 2 tan A „ (8,1) 
0        mü 

and is constant with altitude over a point P with magnetic latitude, >  . 

Therefore, the actual magnetic dip over another point Q in the neighborhood 

of P and on the same magnetic meridian can be conveniently represented by the 

equation 

tan <5 = 2 tan X     . (8.2) 
m 

The magnetic latitude X of the point Q is given to a close approximation by 

the equation 

A = A ,, + (A - Ajscc a (8.3) 
m   mL       0 

where A and A are the geographic latitude of P and Q, respectively, and a is 

the magnetic declination. 
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(S)  Using these equations, the altitude h of the specular reflect inn point 

may be calculated For any bistatic radar pair. In  addition, the magnetic dip 

6  at the point P may be adjusted so as to fit the observed altitudes of field- 

aligned scatter.  Figure 8.1 shows a comparison of h  for White Sands with the 

Raytheon calculation of Thome (1972) and magnetic dips S     of 67.7 and ('S.2 deg 

over Platteville. The effect of small changes in magnet4J dip by far outweighs 

the small differences between the dip-latitude model and thu 99-coefficient 

model.  Accordingly, the dip latitude model is adopted in the succeeding sec- 

tions . 
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9.  SMALL-IRREGULARITY MODEL (II) 

(S)  In treating on-frequency scatter (OI-"S), there are several questions that 

need to l)j resolved: 

(1)  How car the aspect dependence of the scattering irregularities be 

distingiished from the effects of thickness of the scattering layer? 

[2]     How can the scattering cross section best be characterized when the 

scattering medium is comparable with the size of the antenna beam? 

(3J  To what extent is the range spread of the irregularities determined 

by the combination of aspect sensitivity and dis'arbel-region 

thickness, compared with the effects of the latitude extent of the 

heated region? 

These three questions will be addressed in turn. 

9.1  Thickness and Aspect (U) 

(SJ  imagine that the scatter irregularities are field-aligned, and are dis- 

tributed with altitude h according to a function of 1(h) given by 

1(h) = exp[-h - h )2/A2] (9.1 ) 

where h  is the altitude of reflection of the heater, defined as where the 

maximum of the Airy function occurs; and A is the e-folding semi thickness of 

the disturbed region. The center of monostatic scatter from the irregularities 

will be at the height of hn of Section 8.  Let the scattering polar diagram of 

the irregularities in the elevation plane have an e-folding semiwidth ß, shown 

by Bookev (1956) to be given by 
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ß = A//? n L (9.2) 

Where  is the wavelength and L is the /e -folding correlation distance along 

the magnetic field.  Scatter from a height h rather than h will have a 

scattering angle 

Ö = 2(h - h 3/R sin 5 (9.3] 

where R is the slant range.  The fraction of the total scattered energy which 

appears in the angle range 0 to 6 + de is given by 

J(0)de --   (l/v^T ß)exp(-e2/32)d3 . (9.4) 

Therefore, the fraction J(h)dh of the total scatter which appears co come 

from height li is given by 

J(h)dh = U/A" BR sin 6)exp[-^.i - h )2/(Rß sin 5/2)2] .   (9.5) 

The combined effects of aspect and thickness are therefore obtained, at a 

given slant range, by the integral 

K = /I(h)J(h)dh , (9.6) 

assuming that the illuminating antenna gain is nearly constant over the height 

interval involved. 
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(S)  Now it is certain that the effects of 1(h) play a dominant part In de- 

termining the effective cross section; so that term cannot be neglected. 

Therefore, until further experimental evidence is available, it seems most 

appropriate to make the assumption that 

A << Rß sin 6/2 . i-'-7) 

Under these circumstances, J(h) reduces to a 6-function 

J(h)dh = 6(h - h )dh [9.8) 

and 

K = lOO - exp[-thQ - hr)
2/A2] . O-'-'-'l 

Justification for this position can be presented as follows:  Imagine that the 

irregularities extend all the way through the disturbs^ region, so that L = A. 

What would the value of A need to be so that the inequality (9.7) became an 

equality?  Inserting Equation (9.2) into (9.7) the equality becomes 

A2 = R>. sin 6/2^71 . (9-iüJ 

Using R - 1000 km and X = 2m. A = .5 km. approximately.  It therefore follows 

that if the irregularities extend through the entire region, and are longer 

than 1 km. the replacement of (9.5) by (9.8) is fully justified. The Booker 

scattering formula then gives a cross section per unit area, the height de- 

pendence having been integrated out of (9.6) to give 
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K(h)  = exp[-(h    - hr)2/A2]   . (9.11) 

(S)  At a given range, therefore, the scattering is essentially from an east- 

west line at height h . The range of elevation angles of the radar over which 

the scatter is observed will be determined by the convolution of the antenna 

beam with (9.1); the latter being equivalent to a Gaussian distribution with 

e-folding semiangle A/K sin6. Typically, this elevation spread is determined 

by the antenna polar diagram, so the only information available at a given 

range is the scattering cross section and the altitude h . 

9.2 Cross Section Rationale (U) 

(S) As indicated in Section 9.1, scattering at a given range comes from an 

arc at altitude h .  As a function of range, therefore, the returns must come 

from a surface determined by the variation h with range. This surface is 

depicted in Figure 8.1, and its altitude depends on the magnetic dip. There- 

fore, it is meaningless to speak of a cross section per unit volume, in that 

the t' ickness in scatter of volume is much smaller than the antenna beam, and 

probably less than 1 km. Therefore, it is best to speak of a scattering cross 

section per unit area of the h surface.  Integrating the standard Booker ex- 

pression with altitude at a given slant range gives the following expression 

for cross section o per unit area 
a 

aa = (TT3XRT2/XN
4)exp(-8^2T2/A2) (9.12) 

where AN/N is the fractional fluctuation in electron density, and T is the 

^-folding correlation distance of the ionization irregularities transverse 
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to  the magnetic   field.     The model  proposed here  suggests  that   the  variation 

of electron-density  fluctuation with  latitude and height  is given by 

■5       0 
CAN/N)2  =   (AN/N)20  exP[-(X  -   X0)V(X^R0  )   -   (h   - hj   /A"]      (9.13) 

where (AN/N)2 is  the electron-density fluctuation across the magnetic field 

at the height of reflection hr of the heater freqaency, at the latitude X0 

where the greatest energy is deposited; X is the e-folding distance of the 

heating effect in the north-south direction, and RQ is the radius of the earth. 

The exponential factor in this latter equation will be used (with h = hQ) in 

the next subsection to illustrate the way in which aspect reacts on to this 

problem. 

9.5 Range Spread (.UJ 

\ (S) The question arises as to how the parameters A, X, and 50 can be deduced 

j  '      from the experimental data. Figures 9.1 through 9.4 illustrate an appropriate 

procedure. They show the relative cross section as a function of slant range 

for a heated region centered 30 km north of Platteville, the magnetic dip of 

86.2 deg. reflection height h of 275 and 300 km, heating radii X of 50 and 

100 km, and thicknesses 2A of 10 through 200 km.  Comparison of Figures 9.1 

i and 9.2 illustrate how the range extent of the return is governed at small 

thicknesses entirely by aspect, but at larger thicknesses by the heated region 

extent.  Figures 9.3 and 9.4 show that the effect is even more striking with 

X = 50 km. 

(S) This information may be presented another way, shown on Figure 9.5.  For 

X = 10.. km, this diagram shows the importance of the height of reflection in 

determining the highest apparent cross section (as a function of range).  For 
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Figure 9.1 

Relative cross section vs slant range and elevation for various values of 
2A with X = 100 and h ~275  (U) 
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Relative cross section vs slant range and elevation for various values of 
2A with X = 100 and h = 300 (U) 
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Relative cross section vs slant range and elevation for various values of 
2A with X = 50 and h = 275  (U) 
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Figure 9.4 

Relative cross section vs. slant range and elevation for various values of 

2A with X = 50 and hr = 300 (U) 
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exaaiplc, for 7A = 20 km, the h must lie between 260 and 310 km to avoid more 

than JO dB loss relative to the optimum cross section. Varying the dip ingle 

6 changes the magnetic aspect, as does changing the northern offset x(| of the 

most intense part of the heated region. These effects have been shown by ad- 

ditional horizontal axes for hr corresponding to two values of 60 and xQ. A 

similar set of curves is shown in Figure 9.6 for 50 km radius; interestingly, 

only the thinner regions are affected. 

(Sj  The slant ranges of the greatest cross section am are shown on Figures 

9.7 and 9.8.  It is interesting to note that the thicker the region, the smal- 

ler the effect of heater reflection height on the range where the greatest 

cross section occu-s. This is probably the most sensitive way to determine 

the value of A. 

(S) The combined effects of magnetic-field geometry and heated-region offset 

can be represented by the following equation for the reflection height of the 

heating wave to give the greatest scattering cross  section at White Sands: 

h_ =-285.6  -   17.1(60-68.2)   -   .137 x0   . (9.14) 
r 

(SJ The thickness of the heated region is probably sufficiently small that 

one may neglect the fact that its thin dimension is along the magnetic field 

axis rather than in the vertical direction. This is not the case, however, 

with the ASF treated in Section 11. 

9.4 Additional Work Needed on this Model (U) 

(S) The following procedure is suggested as a means of arriving at the ranges 

of values of t.e parameters <50. A, X and XQ.    The reference dip <50 can be de- 

termined at VMF and UHF from the range-elevation diagram of the White Sands 
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Changes  in slant  range and elevation for maximum cross  section vs^ h 
various values of 2A    (U) 
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Figure 9.7 

Relative value of the maximum cross section vs h for various values 
of X0 and &Q  with X = 100  (U) r 
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radar.  This capability is not available at frequencies lower than ISO MHz, 

fortunately, it may be assumed that exactly the same 6  applies at these fre- 

quencies.  The range of cS  needs to be established as it is important to know, 

for application purposes, the extent to which aspect variability is attribut- 

able to natural causes such as magnetic field variations. 

(S) The next prrbiem is the determination of the semi thickness A.  If the 

height h . of reflection is known, the easiest way to determine this is from 

plots such as figures S). 5, 9.6, 9.7, and 9.8. However, the height of reflec- 

tion h depends on the angle of incidence, and therefore should be determined 

by ray tracing for each individua' profile if a precise h is to be known. 
r 

This may present some difficulty as it is not clear that horizontal stratifi- 

cation can be assumed. The quantity X can also be determined in the course 

of this comparison. 

(S)  It seems that plasma-line observations, when available, might be a use- 

ful diagnostic for the variation of h with latitude and also for determining 

the north-south offset x«.  Some attempt has been made to use the published 

material on White Sands monostatic observations to compare with the predictions 

of the previous section. However, there is a dearth of accurately-calibrated 

A-scope or elevation scans. To make meaningful comparisons, these scans 

should be accompanied by values of h and by accurately calibrated ranges. 

Given a good selection of such scans (including times when only a very small 

return was seenj will enable the parameters of the model to be evaluated with 

confidence. 

9.5 Bistatic Observations (II) 

(S) Attention needs to be given to the question of evaluating the cross sec- 

tion for bistatic propagation between two sites at different azimuths from the 
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he;.-cd  region.     The  straightforward Booker  formula does  not   apply under  these 

conditions.     It   is presumably a simple wavelength equivalenec   in that   the 

spatial   wavelength producing bistatie scatter  is  A/2  cos   Ot>/-Ji  where  ^  is 

the  azimuthal   angle of the scatter around the magnetic-field axis.    Therefore, 

the  cross  sections  appropriate  to such bistatic  scatter would be  appropriate 

from monosvatic scatter at  a  frequency cos   0/2)   times  the   frequency  used. 

The  details  of Ulis  relationship  should be  ar   integral  part   of the  scattering 

model . 
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10.  liVALUATION OF SMALL-STRUCTURE MODEL PARAMETERS (U) 

(S) As an example of the tvpe of analysis discussed in Section 9.4, the pre- 

dictions of the simple model were compared with data provided by Dr. P. Fialer 

of SRI. Using a mean latitude of 34.4 deg for the SRI site, and assuming 

raonostatic operation, the curves shown in Figures 10.1 through 10.4 were gen- 

erated showing the relative cross section per unit area for heater reflection 

heights of 230, 23S, 240, and 245 kto.  The optimum height of reflection is 

about 225 km for a magnetic field model with a dip of 68.2 deg over 1'latte- 

vilie, and all the heights calculated are above that altitude. Therefore, 

the observed returns are towards the northward side of the heated region, re- 

sulting in a slant range for the greatest cross section that increases with 

altitude of heater reflection.  Curves are shown for a range of values for 

the thickness 2A of the heated region. 

(S) Two techniques were used to deduce the quantity A.  In the first of these, 

the range extent of the VHF scatte-ed signal for a given height of reflection 

was matched against the appropriate curve from Figures 10.1-10.4.  Lacking 

quantitative data, the 10-dB points on the cross section curves were assumed 

to delimit the range extent of the observed echo.  In fact, a detailed com- 

parison with the A-scope curve would give much more meaningful results. 

(S) One example presented by Dr. Fialer is as follows: 

Time (GMT)     Range Spread   Relative Range Heater Reflection 
of Peak Cross        Height 

Seccion 
0314 May 12      131 km 0 235 km 
0338 104 20 km 246 
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Figure 10.1 

Relative cross section vs slant range or elevation showing 
the effect of 2A for h    = 230     (U) 
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Figure 10.2 

Relative cross section vs_ slant range or elevation showing 

the effect of 2A for li = 235  (U) 
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Figure 10.3 

Relative  cross section vs  slant  range or elevation showing 
the effect  of 2A for h    = 240     (U) 
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Figure 10.4 

Relative cross section vs_ slant range or elevation showinj 
the effect of 2A for h = 245  (U) 

r 
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Using Figures 10.2 and 10.4, the range spreads for these two times correspond 

to values for 2A of 35 and 20 km, respectively. 

irameter 2A was then redetermined from the change in range ol" the 

maximum cross section.  Figure 10.5 shows how this range depends on heater 

reflection height h_ for *„= 0 (i.e., disturbed region centered over Platte- 

villi  and with 50 km for X (the e-folding horizontal radius of the heated 

region).  Interpolation from this curve shows that a 20-km increase in slant 

range would accompany an 11-km increase in heater reflection heights for a 

value of 26 km for 2A.  It is felt that this result is in reasonable agreement 

with that deduced by the first method. 

(S)  A note of caution needs to be sounded concerning the assumptions made in 

this model. The rapidity with which the range of maximum cross section varies 

with heater reflection height depends on the slope of the heater antenna pat- 

tern (on its northern edge, in this case). This in turn depends on the as- 

sumed value for X.  As an example. Figure 10.6 (for X = 100 km) shows sub- 

stantially increased slopes from the corresponding curve of Figure 10.5.  The 

assumption of a 1 ;ater volume centered north of Platteville (x, = 30) is il- 

lustrated in Figure 10.7.  Its principal effect is to displace the curves of 

Figure 10.5 to greater ranges and greater reflection heights without aff cting 

their slopes. 

(S) No doubt, a detailed comparison of these curves with experimental data 

will permit the evaluation of all three of the parameters A, X, xn. However, 

present indications are that the scattering region at VHF may be only 20 km 

thick, implying critical geometry for any bistatic experi.aent. 

SECRET 
78 



■ - 

SECRET 

2A = IOkm 

800- 

UJ o z 
< a: 
h- 

< 
-J 

700- 

600 
220       230 260       270 240       250 

hr   (km) 

Figure  10.5 

Slant range or elevation for maximum cross section 
vs_ hr showing the effect of 2A for x0 = 0 and X = 50 (U) 
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Slant range or elevation for maximum cross section vs h 
showing the effect of 2A for x0 = 0 and X = 100 (U) — 
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Figure 10.7 

Slant range or elevation for maximum cross section vs_ hr 

showing the effect of 2A for x0 = 30 and X = 50 (U) 
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11.  LARGER-STRUCTURE MODEL (U) 

(S) The second part of this model involves the intcrp-etation of satellite 

scintillation data which are affected by artificial spread F (ASF) at heights 

above 180 km.  Because these irregularities appear to extend throughout thr 

F region, the height extent of the irregularities is larger than the horizontal 

extent of the disturbed region. Therefore, the disturbed region must be con- 

sidered as a cylinder tilted at an angle 6 to the horizontal.  At a given al- 

titude, its latitude variability is as shown in Equation 9.13; however, its 

height variation seems most rerdily interpreted as being due to a constant 

percentage fluctuation in electron density at all altitudes. The rms phase 

fluctuation y  is given in Section 5 as 

Y" . L-j- (i2^) {—)    D sec i cosec ip / (N/N ) dh (5.4) 

on the assumption that the fractional rms electron-rensity fluctuation is in- 

dependent of altitude. The rms amplitude fluctuation e is given by 

e = Y/^2~ • (5.5) 

The rms  fractional fluctuation in electron density was found in Section 5 to 

be about 6.9 x 10"3, 

(S)    A detailed comparison of the rms amplitude fluctuation of Figure 5.5 

through the satellite pass with the satellite orbital parameters suggests the 

form shown in Figure 11.1 for the intersection of the satellite line of sight 

with the e-folding contour of the fractional electron-density fluctuation. 

This corresponds to a cylinder of radius 50 km whose axis passes through 
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the  30ü-km  level   at  30 km north of Platteville,  and seems  a useful  nominal 

model . 

[S]     Accordingly,  it  is  recommended that liquations   (5.4)   and  (5.5)   should 

be used  to determine the  amplitude fluctuation expected,  using  the  following 

forn  for the fractional  electron-density fluctuation: 

(AN/N)2 =  (AN/N)2 exp {[-(x-x0)2  - y2j/X2} (11.13 

where x and y are distances measured in the northward and westward direction, 

respectively, from the magnetic field line passing above Platteville at 300-km 

altitude, and the parameters have the following values: 

(AN/N)2 - 6.9 x 10'6 

x = 30 km 

X = 50 km 

(S) Fluctuations in angle of arrival of the transmitted wave may be expected 

to have a magnitude of about 

XY/2/2  TT D (11.2) 
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12.  GLOMETRY AND CROSS SECTIONS FOR BISTATIC SCATTER 

1?. 1 The Bistatic-Gcometry Problem 

Consider a set of magnetic coordinates such that the latitude and longi- 

tude oi" P are A and 0, respectively.  Consider propagation from a point 1, 

on the earth's surface, to a point 0 at height h-, and thence to a point 2 on 

the earth's surface.  Let 6 be the magnetic dip at the point 0.  Let the lati 

tudes and longitudes at points 0, 1, and 2 be denoted by X and $ with the ap- 

propriate suffix. 

Consider now a set of Cartesian coordinates with the z axis at the N 

magnetic pole, and the (x, z) plane tae meridian through P. The Cartesian 

coordinates of the points are: 

x, = R., cos \,   cos (j), 

y1 = R0 cos Xj sin ^ 

z. = R« sin X, 

x9 = R cos X- cos (K 

y2 = R cos X» sin Q,. 

z2 = R0 sin X2 

x0 = (R0 + h0) C0B xo cos *0 

^o = (Ro + ho) cos X
ü 

sin *0 

z0 = (R0 + ho) sin X0 
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where  R,   is the  radius of the earth. 

The magnetic-field direction at the point 0 is defined by the  unit vector 

B »   [sin(60  ♦  A0),  0,   -cos   (ÖQ  +  X^)] 

The vector '?'1n joining the points 1 and 0 has the value 

^IO * txo "" xr yo " yi' zo "■ Zl^ 

Now  if 6,   is  the angle between r.     and B at  the poin:- 0, 

R.   cos  6.   = r,«   •   B 

= (x0 - xp sinC60 * X0) - (z0 - z1 cos(60 ♦ XQ)) 

v here R. ■ i'?'ln| = slant range of 0 from 1. 

Similarly, the angle Q2  between 'r'.. and B is 

R2 cos e2 - (x0 - x2 sin(60 + XQ)   - (z0 - z^ cos(60 + \Q) 

For specularity, 

)j ■ 180° - e2        cos e. = -cos e2 

Therefore, 

x0 ' Xl Z0 ' Zl 
-j— sinCSj * A0) - -^—- cos CS0 . A0) 
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XÜ  '  X2 20  -   Z2 
+       R2 sin   (60  +  A0)   -       R2 cos^  ♦  >0)   -  0 

x0  sin(60 + A0) 
Rl       R2 

z0 cos(60 + y 1    _1 
17 +  R2 

* sin(6ü +  X0) Ü      ^2 
R1   ■  R2 

* cos(60 +  X0) !i     !2 
Rl  + R2 

Substituting for x    and z.,  the first  line becomes 

^0 + hü) 
1      1 ' " 

—_ +    
K1       R2 

. 
cos \0  cos ^0 sin(ö0 + „0} - sin A0 cos(60 + XQ) 

and since (£„ < 1 degree, cos <(>„'-'1 and this becomes 

^Rü + ho^ 
1  _J_ 

Rl + R2 
sin 6(} - cos(60+ X0) R1 

+ R2 

- sin(60 + A0) 
x.  x? 

from which (R» + h.) may be found. The difficulty of not knowing R. and 

disappears, incidentally, if R ■ R-. Then the equation become?: 

2(R0 * h0) sin <S0 = Zj + z2) cos(60 + A0) 

- (Xj + x2) sin(60 + A0) 
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Tlie suggested procedure is as follows: 

(1) Identify points 1 and 2. 

(2) For a point 300 km over P, find R. and R . 

(3) Solve the above equations for hn for P as point 0. ^f h„  is not 

about 300 km, points 1 and 2 are wrongly located for successful 

bistatic propagation.  Relocate them. 

(4) Find hn for a given point 0; recalculate R. and R, and repeat. 

(5) Choose three points 0 arranged around P, and fit an h surface as 

outlined in  the following section. 

12.2 Suggested Procedure for Bistatic Calculation of h  (Orthogonality) 

Surface 

Refer to Figure 12.1. Select three points, A, B, and C, at the corners 

of the equilateral triangle centered on PTatteville (P) with its ajex to the 

north, and with sides of 70 km. For each point, calculate h using the for- 

mula (for point A): 

h      R   sinCX - X  - i    ) R   sin(X^ - \.,  -  6  ) 
1 + %~ *  ^7 + R2     sin If"!     * k1  + R2     sin JJjT 

where suffixes 1, 2, and A' refer to the transmitting and receiving sites, 

and to the point on the h» surface above A, respectively; R- is the earth radius; 

R. and R^ are the ranges from 1 and 2 to A'; 6.^ is the magnetic dip at A'; 

and X  is latitude in magnetic coordinates. 

Fit a plane through the points A', B', and C and take this as defining 

the h« surface in the region of interest. 

12.3 Bistatic-Cross-Section Calculation 

Adopt the coordinate system shown in Figure 12.2, 
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Figure  12.1 

Orthogonality-surface geometry 
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Figure 12.2 

Bistatic geometry 
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Then the direction cosines (1^, m.. , n^) ard (1-, m„, n_) for the two rays 1 

and 2 are: 

'l = cos T 12 - cos V cos 

m1 = 0 nu = -cos 4' sin 

nl = sin Y n- = sin I*,  . 

Let the correlation function be given by 

2 2    2 
x y 

2 '  2 ~  2 
2T 2T   2L 

P(x,y,z) = e 

and the spatial spectrum by 

,,,2.2  T2 2  .2 2 
T 1   T m   L n 

P(l,m,n,) = (2w)3/2T2L e    '     2     2 

Booker gives the scattering cross section as 

a = 
v 

fAe 2 2.2 
2 S^ x P{k(l2 - ip, k(m2 - mp, k(n2 - n^} 

/       A 

whare x is the angle between the electric vector of the incident wave and the 

direction of the scattered wave 2. Putting 

7^J     , ..4  T^T 

i ej 

the cross section is; 
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o     = 
V 

(2.)3/V sin2x    UFA e-^^f^-V2 +  (VmP2]  -  (W^Cn^)2 

71       I N j 
AN 

Let s be the distance measured along the magnetic field from the specular point 

Then 

n. = sin y + s cos Y/R. 

n- = sin y - s cos^/R- 

where R and R are the slant ranges for rays 1 and 2, and ^ is the specular 

angle between the wave normals and a plane normal to the field.  Putting 

2   -1    -1 
n- - n- ■ s cos fCR,  + R2 ) 

in the cross section and integrating with respect to s, the cross section per 

unit area normal to the field becomes: 

ÖA = 
ö ds = 
v 

,3/2 2  , 2 
-r "'~ - 
4 

i^i'::ir .in:x M2 T2Le-(i/2)k2T2[(i2-i1) + ovV 1 

N 

2 2 2   4  -1    -1 2 

-(l/2)k L s cos>(1  + R2 ) 
e ds 

vJ. ■ 

.4.2  _,2 
4^ sin x T 

AN 
INJ .2k2T2 cos2 * sin2(e/2) 

4    2   -1     ^1 
AN k cos VC^  + R2 ) 
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Finally, per unit area of horizontal area is given by; 

„4,2 
4ff sin   x cos 6 AN 

M;       AN
4k  cos^V1  +  h1)     lNj 

..„2^2   2 
2 T2e -2K T cos" * sin (9/2) 

/ 
/ 

For a medium containing more than one scale T, the terms fron 

AN 
I N 

onward are replaced by: 

.2^ 2  2„, . 2 
AN  '  2  -2k T cosSsin/(r/2)   fAN] 2 T 2 -2k2T0

2cos2ysin2(e/2) 
i N J  'l  e     1 li^j   T2 e    2 

where 6 = magnetic dip. 

12.4 Carrying Out the Integration 

Consider a coordinate system (x.y.z) centered at Platteville. A suitable 

grid of points in the (x,y) plane is selected, and the geometrical specular 

height z  = h is calculated. Then 

(M^2 AN 

I  N 
AN 
N J 

2 e-(x - V2/x2 - y2/x2 -^ - V2/A2 

0 

6 = magnetic dip at (x,y,h ) from field model, and Rj .R-.x^.e are calculated at 

(x.y.hg). Illumination due to antenna polar diagrams is calculated. The pro- 

duct is integrated over the (x,y) plane. 
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13.  CONCLUSIONS (U) 

13.1    Large-Structure Model   (U) 

(S)    Observations of signals  from geostationary am; orbiting satellites  at   fre- 

quencies  from 30 to 400 MHz have established the genenl behavior of the large- 

scale  field-aligned structure   (ASF)   that  produces  scintillations  of those signals. 

Studies have been  limited to fuil-power ordinary-mode heating,  with  the heater 

being directed overhead,   at  frequencies below the F?-layer critical.     The conclu- 

sions  are  as  follows: 

(S)     1.     The field-aligned structure gives  strong VHF and UHF scintillations  up 

to 400 MHz. 

(S)     2.    The scintillation index maximizes when the direction of propagation 

is  close to the downfield direction.    Therefore,  for example, heating 

the ionosphere upfield from a radar will produce a "blind spot" of 

about  10 deg radius  centered on the magnetic zenith at  150 MHz frequency. 

(S)     3.    The fading depth of the scintillation varjes  inversely with  frequency, 

as would be expected from the  integrated-phase-path theory of satellite 

scintillations. 

(S)    4.    The transverse scale of the large-scale structure has a half-correlation 

distance of about 100 m,  and convects in an east-west direction with 

the velocity of the ambient plasma (about 20-50 m sec    ). 

(S)    5,    The large-scale structure extends from 200 to 4SÜ km altitude, and is 

usually confined within a cylinder of about 50 km radius, with its 

axis the magnetic field line passing through the reflection point directly 

over the heater. 

(S)    6.    Occasionally, unusual shapes for the irregular region are seen, probably 

arising from a doughnut-shaped disturbed region due to bum-through 
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of the central  core of the  ionosphere above the heater. 

(S3     The  following additional studies  of large-scale structure are important: 

(S)     1.    Measurements of the height distribution of the electron-density fluctu- 

ation associated with the large-scale irregularities.     Heights  inferred 

from orbital-satellite passes seem to point to field-aligned irregular- 

ities  that  are distributed throughout the bottomside  and topside, with 

a statistically constant  fractional  fluctuation of electron density. 

However,   this has  not been experimentally verified.     A relatively simple 

experiment  to do this will  be to observe the  rise or set  of an orbiting 

satellite behind the disturbed region,  as observed from a site  far to 

the south   (e.g.   Albuquerque).     Since the  line of sight  to the satellite 

is  nearly orthogonal  to the magnetic field,  the  altitude intercepted 

within the disturbed cylinder is much more nearly constant  than when 

looking at an orbital satellite  from .   location to the north of the 

disturbed region. 

(S)     2.    Detailed studies of the spatial and temporal characteristics of the 

correlation function of the amplitude for cm orbiting satellite.    Thus, 

it will be possible  to determine whether finer-scale  structure is pre- 

sent  on the scintillations.     Adequate signal-processing instrumentation 

is  available to make these studies  as time permits. 

(S)    5.    studies of the aspect dependence of the scintillating signal close to 

the downfield direction.     Scattering theory predicts  the way the ampli- 

tude and phase  fluctuation should vary with angle from the magnetic 

zenith; but because of the possible significance of radar applications, 

this aspect of the theory needs verification. 

(S)    4.    The horizontal morphology,    fl». factors controlling the shape of the 

disturbed region are not wholly understood at this time,  and additional 
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morphological  studies,  perhaps with other orbiting satellites,  are 

appropriate. 

(S)     5.     Yield studies.    Most studies up to now have  concentrated on  formulating 

a scattering model  appropriate to full power ordinary polarization. 

Attention needs   tc be given to the effect of reducing  the power,   opti- 

mizing the heater frequency,  steering the heater beam and trying other 

forms of heater-signal modulation. 

(S)    6.    Sointillation experiments at other loaations.     All results  thus  far 

have been restricted to the Platteville heater installation.     No ASF 

has  been demonstrated at other  locations.     Therefore,   it  seems neces- 

sary  to try a satellite scintillation experiment at  Arecibo   (when that 

heater is  in operation)   to see if there is  any constant  difference  in 

the  large-scale structure between Arecibo and Platteville.     In addition, 

if a mobile heater facility is  set  up elsewhere than these two  locations, 

satellite scintillation seems  to be the appropriate diagnostic to include, 

13.2    Srall-Structure Model   (U) 

(S)     In Sections  8,  9 and 10 of this  report,  the concept has been developed that 

the small-scale structure  responsible for VHF and UHF backscatter is  governed 

by the geometry of the surface of orthogonality  (the h    surface)   appropriate to 

the  location of the radar.     The intersection of this   (ideally infinitely thin) 

surface with  the disturbed region pives the location of the backscattering 

irregularities  for that particular radar.    Using a simplified magnetic field 

model,   it was  shown that  the h    surface slopes down toward the south,  and that 

the thickness of the disturbed region can therefore be deduced from the range 

spread of a backscattered echo.    An illustrative example was given to show that 

the region thickness was  about 20 km.    A methodology has been indicated for the 

calculation of the corresponding geometry and cross sections for bistatic scatter. 
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(S)    The  following  important tasks  remain with the small-scale scattering model: 

(S)     1.    Disturbed region thiakneee aalaulation.    The same type of calculation 

as  shown in Section  10 of this  report needs  to be c«rried out  under a 

wide variety of conditions,   to determine the  limits on the disturbed 

region tnickness.     The assumption that  the scattering region at  a given 

range is  infinitely thin needs  to be verified by an interferometer or 

other similar experiment. 

(S)     2.     Bistatia geometry.     The change in total  cross  section with  scattering 

angle  indicated in Section 12 needs to be verified by bistatic tests. 

(SJ     3.     Yield studies.     Variations  of the small-scale structure cross  section 

and morphology with  frequency and reflection height  and heater power 

need to be evaluated. 
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